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LOCAL ENFORCEMENT OF ACCURACY IN 
FABRICATED MODELS 

RELATED APPLICATIONS 

This application is a divisional ofU.S. Ser. No. 11/467,866, 
?led Aug. 28, 2006 now US. Pat. No. 7,698,014, noW 
allowed, Which claims the bene?t of US. Provisional Appli 
cation No. 60/761,078, ?led Jan. 20, 2006, the disclosure of 
Which is incorporated by reference in their entirety herein. 

BACKGROUND 

The invention relates to dentistry, and more particularly to 
fabrication of dental objects and articulators. 

Conventional dentistry employs physical casts of human 
dentition as a foundation for a variety of fabrication tech 
niques. The impression materials used in this process, such as 
polymerizing silicone and polyether, theoretically capture an 
accurate dental impression. HoWever, the initial impression 
may be ?aWed, and even a perfect impression may degrade 
over time as a result of thermal ?uctuations, inherent plastic 
ity, and rough handling. While the materials used to obtain 
dental impressions and create sub sequent dental models have 
improved, the basic process steps remain prone to human 
error. 

Sometimes, errors become so severe that the desired end 
product, such as a croWn, cannot be manufactured. In other 
cases, the process introduces just enough error that the result 
ing prosthetic simply Will not ?t into a target space Within a 
dental patient’s dentition. This latter dif?culty may place 
signi?cant burdens on the craftsmanship of the practicing 
dentist to Work the prosthetic and/or tooth surface into a 
suitable shape, or cause increased delay and costs if a neW 
impression is required. 
As another disadvantage, the process of taking the impres 

sion may cause signi?cant discomfort to a patient, Who must 
retain the impression material in the mouth While an impres 
sion is curing. 

Recent advances in three dimensional imaging technology 
have introduced the possibility of a handheld, three-dimen 
sional scanner that can be suitably adapted to acquisition of 
highly accurate, detailed surface data directly from Within a 
dental patient’ s mouthia virtual digital dental impressioni 
that, once captured accurately, Will not degrade, and can be 
easily revieWed, analyZed, and/or transmitted to remote 
manufacturing facilities. 

While this technology introduces the possibility of signi? 
cant advances in digital dentistry, there remains a need for 
improved dental processes and models that employ virtual 
digital dental impressions to reduce manual labor and oppor 
tunities for error inherent in conventional dentistry. 

SUMMARY 

The systems and methods disclosed herein employ a com 
bination of digital three-dimensional modeling and rapid fab 
rication technologies to provide pre-indexed, pre-registered, 
and/ or precut components for articulated dental models. Den 
tal articulators and components of dental models as described 
herein use a positioning key to encode positional information 
for components of the dental model, and/or a reference grid 
on mounting surfaces to enforce local accuracy of fabricated 
parts against a ?xed reference array. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention and the folloWing detailed description of 
certain embodiments thereof may be understood by reference 
to the folloWing ?gures. 

20 

25 

35 

40 

45 

50 

55 

60 

65 

2 
FIG. 1 shoWs a dental image capture system. 
FIG. 2 is a block diagram of a generaliZed manufacturing 

process for dental objects. 
FIG. 3 shoWs a milling machine. 
FIG. 4 shoWs a stereo lithography apparatus. 
FIG. 5 shoWs a three-dimensional printer. 
FIG. 6 is a high-level ?oW chart of a dental object fabrica 

tion process. 
FIG. 7 illustrates a number of dental objects that can be 

fabricated from a three-dimensional representation of denti 
tion. 

FIGS. 8A-8C shoW a number of dental objects that can be 
fabricated from a three-dimensional representation of denti 
tion. 

FIG. 9 shoWs a dental object that can be fabricated from a 
three-dimensional representation of dentition. 

FIG. 10 shoWs a dental object that can be fabricated from a 
three-dimensional representation of dentition. 

FIG. 11 is a top vieW of a digital representation of a digital 
dental model. 

FIG. 12 shoWs a restoration that can be fabricated from a 
three-dimensional representation of dentition. 

FIG. 13 shoWs a dental articulator. 
FIG. 14 shoWs a digital dental model With tWo partial 

arches in occlusion. 
FIG. 15 depicts a cross section of an alignment geometry 

including a positioning key. 
FIG. 16 shoWs a virtual application of an articulator geom 

etry to a dental model. 
FIG. 17 shoWs a dental model including alignment geom 

etry. 
FIG. 18 shoWs pieces of a dental model fabricated from a 

digital dental model. 
FIG. 19 shoWs a dental model assembled on an articulator. 
FIG. 20 shoWs a dental articulator. 

DETAILED DESCRIPTION 

Described herein are systems and methods of fabricating 
dental objects for use in dental articulators based upon three 
dimensional digital data captured from an intraoral scan. 
While the description emphasiZes certain scanning technolo 
gies and certain combinations of fabrication techniques, it 
Will be understood that additional variations, adaptations, and 
combinations of the methods and systems beloW Will be 
apparent to one of ordinary skill in the art, such as fabrication 
of dental restorations not speci?cally described, or use of 
three-dimensional output or fabrication technologies not spe 
ci?cally identi?ed herein, and all such variations, adapta 
tions, and combinations are intended to fall Within the scope 
of this disclosure. Further, While the techniques described 
herein are particularly useful for mechanical alignment of 
pieces of an articulating dental model, and manufacturing and 
design of same, it Will be understood that the techniques 
described herein may be more generally applied to any envi 
ronment Where it is desired to capture the alignment and 
relative motion of a number of separately manufactured rigid 
bodies. 

In the folloWing description, the term “image” generally 
refers to a tWo-dimensional set of pixels forming a tWo 
dimensional vieW of a subject Within an image plane. The 
term “image set” generally refers to a set of related tWo 
dimensional images that might be resolved into three-dimen 
sional data. The term “point cloud” generally refers to a 
three-dimensional set of points forming a three-dimensional 
vieW of the subject reconstructed from a number of tWo 
dimensional vieWs. In a three-dimensional image capture 
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system, a number of such point clouds may also be registered 
and combined into an aggregate point cloud constructed from 
images captured by a moving camera. Thus it Will be under 
stood that pixels generally refer to tWo-dimensional data and 
points generally refer to three-dimensional data, unless 
another meaning is speci?cally indicated or clear from the 
context. 

The terms “three-dimensional surface representation”, 
“digital surface representation”, “three-dimensional surface 
map”, and the like, as used herein, are intended to refer to any 
three-dimensional surface map of an object, such as a point 
cloud of surface data, a set of tWo-dimensional polygons, or 
any other data representing all or some of the surface of an 
object, as might be obtained through the capture and/or pro 
cessing of three-dimensional scan data, unless a different 
meaning is explicitly provided or otherWise clear from the 
context. 

A “three-dimensional representation” may include any of 
the three-dimensional surface representations described 
above, as Well as volumetric and other representations, unless 
a different meaning is explicitly provided or otherWise clear 
from the context. 

In general, the terms “render” or “rendering” refer to a 
tWo-dimensional visualization of a three-dimensional object, 
such as for display on a monitor. HoWever, it Will be under 
stood that three-dimensional rendering technologies exist, 
and may be usefully employed With the systems and methods 
disclosed herein. As such, rendering should be interpreted 
broadly unless a narroWer meaning is explicitly provided or 
otherWise clear from the context. 

The term “dental object”, as used herein, is intended to 
refer broadly to subject matter speci?c to dentistry. This may 
include intraoral structures such as dentition, and more typi 
cally human dentition, such as individual teeth, quadrants, 
full arches, pairs of arches Which may be separate or in 
occlusion of various types, soft tissue, and the like, as Well 
bones and any other supporting or surrounding structures. As 
used herein, the term “intraoral structures” refers to both 
natural structures Within a mouth as described above and 
arti?cial structures such as any of the dental objects described 
beloW that might be present in the mouth. Dental objects may 
include “restorations”, Which may be generally understood to 
include components that restore the structure or function of 
existing dentition, such as croWns, bridges, veneers, inlays, 
onlays, amalgams, composites, and various substructures 
such as copings and the like, as Well as temporary restorations 
for use While a permanent restoration is being fabricated. 
Dental objects may also include a “prosthesis” that replaces 
dentition With removable or permanent structures, such as 
dentures, partial dentures, implants, retained dentures, and 
the like. Dental objects may also include “appliances” used to 
correct, align, or otherWise temporarily or permanently adjust 
dentition, such as removable orthodontic appliances, surgical 
stents, bruxism appliances, snore guards, indirect bracket 
placement appliances, and the like. Dental objects may also 
include “hardWare” af?xed to dentition for an extended 
period, such as implant ?xtures, implant abutments, orth 
odontic brackets, and other orthodontic components. Dental 
objects may also include “interim components” of dental 
manufacture such as dental models (full and/or partial), Wax 
ups, investment molds, and the like, as Well as trays, bases, 
dies, and other components employed in the fabrication of 
restorations, prostheses, and the like. Dental objects may also 
be categoriZed as natural dental objects such as the teeth, 
bone, and other intraoral structures described above or as 
arti?cial dental objects such as the restorations, prostheses, 
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4 
appliances, hardWare, and interim components of dental 
manufacture as described above. 

Terms such as “digital dental model”, “digital dental 
impression” and the like, are intended to refer to three-dimen 
sional representations of dental objects that may be used in 
various aspects of acquisition, analysis, prescription, and 
manufacture, unless a different meaning is otherWise pro 
vided or clear from the context. Terms such as “dental model” 
or “dental impression” are intended to refer to a physical 
model, such as a cast, printed, or otherWise fabricated physi 
cal instance of a dental object. Unless speci?ed, the term 
“model”, When used alone, may refer to either or both of a 
physical model and a digital model. 

FIG. 1 shoWs an image capture system. In general, the 
system 100 may include a scanner 102 that captures images 
from a surface 106 of a subject 104, such as a dental patient, 
and forWards the images to a computer 108, Which may 
include a display 110 and one or more user input devices such 
as a mouse 112 or a keyboard 114. The scanner 102 may also 

include an input or output device 116 such as a control input 

(e.g., button, touchpad, thumbWheel, etc.) or a display (e.g., 
LCD or LED display) to provide status information. 
The scanner 102 may include any camera or camera system 

suitable for capturing images from Which a three-dimensional 
point cloud may be recovered. For example, the scanner 102 
may employ a multi-aperture system as disclosed, for 
example, in Us. Pat. Pub. No. 20040155975 to Hart et al., the 
entire contents of Which is incorporated herein by reference. 
While Hart discloses one multi-aperture system, it Will be 
appreciated that any multi-aperture system suitable for recon 
structing a three-dimensional point cloud from a number of 
tWo-dimensional images may similarly be employed. In one 
multi-aperture embodiment, the scanner 102 may include a 
plurality of apertures including a center aperture positioned 
along a center optical axis of a lens and any associated imag 
ing hardWare. The scanner 102 may also, or instead, include 
a stereoscopic, triscopic or other multi-camera or other con 
?guration in Which a number of cameras or optical paths are 
maintained in ?xed relation to one another to obtain tWo 
dimensional images of an object from a number of slightly 
different perspectives. The scanner 102 may include suitable 
processing for deriving a three-dimensional point cloud from 
an image set or a number of image sets, or each tWo-dimen 
sional image set may be transmitted to an external processor 
such as contained in the computer 108 described beloW. In 
other embodiments, the scanner 102 may employ structured 
light, laser scanning, direct ranging, or any other technology 
suitable for acquiring three-dimensional data, or tWo-dimen 
sional data that can be resolved into three-dimensional data. 

In one embodiment, the scanner 102 is a handheld, freely 
positionable probe having at least one user input device 116, 
such as a button, lever, dial, thumb Wheel, sWitch, or the like, 
for user control of the image capture system 100 such as 
starting and stopping scans. In an embodiment, the scanner 
102 may be shaped and siZed for dental scanning More par 
ticularly, the scanner may be shaped and siZed for intraoral 
scanning and data capture, such as by insertion into a mouth 
of an imaging subject and passing over an intraoral surface 
106 at a suitable distance to acquire surface data from teeth, 
gums, and so forth. The scanner 102 may, through such a 
continuous acquisition process, capture a point cloud of sur 
face data having su?icient spatial resolution and accuracy to 
prepare dental objects such as prosthetics, hardWare, appli 
ances, and the like therefrom, either directly or through a 
variety of intermediate processing steps. In other embodi 
ments, surface data may be acquired from a dental model such 
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as a dental prosthetic, to ensure proper ?tting using a previous 
scan of corresponding dentition, such as a tooth surface pre 
pared for the prosthetic. 

Although not shoWn in FIG. 1, it Will be appreciated that a 
number of supplemental lighting systems may be usefully 
employed during image capture. For example, environmental 
illumination may be enhanced With one or more spotlights 
illuminating the subject 104 to speed image acquisition and 
improve depth of ?eld (or spatial resolution depth). The scan 
ner 102 may also, or instead, include a strobe, ?ash, or other 
light source to supplement illumination of the subject 104 
during image acquisition. 

The subject 104 may be any object, collection of objects, 
portion of an object, or other subject matter. More particularly 
With respect to the dental fabrication techniques discussed 
herein, the object 104 may include human dentition captured 
intraorally from a dental patient’ s mouth. A scan may capture 
a three-dimensional representation of some or all of the den 
tition according to particular purpose of the scan. Thus the 
scan may capture a digital model of a tooth, a quadrant of 
teeth, or a full collection of teeth including tWo opposing 
arches, as Well as soft tissue or any other relevant intraoral 
structures. In other embodiments Where, for example, a com 
pleted fabrication is being virtually test ?t to a surface prepa 
ration, the scan may include a dental prosthesis such as an 
inlay, a croWn, or any other dental prosthesis, dental hard 
Ware, dental appliance, or the like. The subject 104 may also, 
or instead, include a dental model, such as a plaster cast, 
Wax-up, impression, or negative impression of a tooth, teeth, 
soft tissue, or some combination of these. 
The computer 108 may be, for example, a personal com 

puter or other processing device. In one embodiment, the 
computer 108 includes a personal computer With a dual 2.8 
GHZ Opteron central processing unit, 2 gigabytes of random 
access memory, a TYAN Thunder K8WE motherboard, and a 
250 gigabyte, 10,000 rpm hard drive. This system may be 
operated to capture approximately 1,500 points per image set 
in real time using the techniques described herein, and store 
an aggregated point cloud of over one million points. As used 
herein, the term “real time” means generally With no observ 
able latency betWeen processing and display. In a video -based 
scanning system, real time more speci?cally refers to pro 
cessing Within the time betWeen frames of video data, Which 
may vary according to speci?c video technologies betWeen 
about ?fteen frames per second and about thirty frames per 
second. More generally, processing capabilities of the com 
puter 108 may vary according to the siZe of the subject 104, 
the speed of image acquisition, and the desired spatial reso 
lution of three-dimensional points. The computer 108 may 
also include peripheral devices such as a keyboard 114, dis 
play 110, and mouse 112 for user interaction With the camera 
system 100. The display 110 may be a touch screen display 
capable of receiving user input through direct, physical inter 
action With the display 110. 

Communications betWeen the computer 108 and the scan 
ner 102 may use any suitable communications link including, 
for example, a Wired connection or a Wireless connection 
based upon, for example, IEEE 802.11 (also knoWn as Wire 
less Ethernet), BlueTooth, or any other suitable Wireless stan 
dard using, e. g., a radio frequency, infrared, or other Wireless 
communication medium. In medical imaging or other sensi 
tive applications, Wireless image transmission from the scan 
ner 102 to the computer 108 may be secured. The computer 
108 may generate control signals to the scanner 102 Which, in 
addition to image acquisition commands, may include con 
ventional camera controls such as focus or Zoom. 
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In an example of general operation of a three-dimensional 

image capture system 100, the scanner 102 may acquire tWo 
dimensional image sets at a video rate While the scanner 102 
is passed over a surface of the subject. The tWo-dimensional 
image sets may be forWarded to the computer 108 for deriva 
tion of three-dimensional point clouds. The three-dimen 
sional data for each neWly acquired tWo-dimensional image 
set may be derived and ?tted or “stitched” to existing three 
dimensional data using a number of different techniques. 
Such a system employs camera motion estimation to avoid 
the need for independent tracking of the position of the scan 
ner 102. One useful example of such a technique is described 
in commonly-oWned US. application Ser. No. ll/270,l35, 
?led on Nov. 9, 2005, the entire contents of Which is incor 
porated herein by reference. HoWever, it Will be appreciated 
that this example is not limiting, and that the principles 
described herein may be applied to a Wide range of three 
dimensional image capture systems. 
The display 110 may include any display suitable for video 

or other rate rendering at a level of detail corresponding to the 
acquired data. Suitable displays include cathode ray tube 
displays, liquid crystal displays, light emitting diode displays 
and the like. In some embodiments, the display may include 
a touch screen interface using, for example capacitive, resis 
tive, or surface acoustic Wave (also referred to as dispersive 
signal) touch screen technologies, or any other suitable tech 
nology for sensing physical interaction With the display 110. 

FIG. 2 is a conceptual block diagram of participants in a 
generaliZed manufacturing process for dental objects. The 
system 200 may begin With a patient 202 being scanned by a 
scanner 204, such as the scanner 102 and image capture 
system 100 described above, to obtain a digital surface rep 
resentation 206 of one or more intraoral structures. This may 
include scans before and/or after a surface has been prepared 
to receive a dental restoration or other dental object. So, for 
example, a pre-preparation scan may be taken to capture a 
shape of the original anatomy and any occlusion information 
useful in creating a restoration, and a prepared surface scan 
may be taken to use as a basis for creating the restoration, and 
in particular for shaping the restoration to the prepared sur 
face. Articulation data relating to the orientation and/ or rela 
tive motion of an upper and loWer arch may also be obtained 
through one or more scans of the arches in occlusion, or 
through other techniques such as still images or video of the 
arches in various orientations, or various dimensional mea 
surements captured directly from the arches, or a physical bite 
registration captured on a thin sheet of material. 

In one embodiment, a second scanner such as a PMD 
[vision] camera from PMD Technologies, may be employed 
to capture real-time, three-dimensional data on dynamic 
articulation and occlusion. While this scanner employs dif 
ferent imaging technology (time-of-?ight detection from an 
array of LEDs) than described above, and produces results 
With resolution generally unsuitable for reconstruction of 
dental models, such a scanner may be employed to infer 
motion of, e.g., opposing dental arches With su?icient reso 
lution to select an axis for articulation or otherWise capture 
dynamic information that can be applied to tWo or more rigid 
bodies of a dental object scan. This data may be supplemented 
With more precise alignment data statically captured from 
digital or manual bite registration to provide reference or 
calibration points for continuous, dynamic motion data. 
The digital surface representation 206 may be processed 

With one or more post-processing steps 208. This may include 
a variety of data enhancement processes, quality control pro 
cesses, visual inspection, and so forth. Post-processing steps 
may be performed at a remote post-processing center or other 
























